In higher plants, RNA editing is a post-transcriptional process that converts C to U in organelle mRNAs. We have previously shown that an Arabidopsis thaliana crr4 mutant is defective with respect to RNA editing for creating the translational initial codon of the plastid ndhD gene (the ndhD-1 site). CRR4 contains 11 pentatricopeptide repeat motifs but does not contain any domains that are likely to be involved in the editing activity. The green fluorescent protein fused to the putative transit peptide of CRR4 targeted the plastid. The recombinant CRR4 expressed in Escherichia coli specifically bound to the 25 nucleotides of the upstream and the 10 nucleotides of the downstream sequences surrounding the editing site of ndhD-1. The target C nucleotide of this editing is not essential for the binding of CRR4. Taken together with the genetic evidence, we conclude that the pentatricopeptide repeat protein CRR4 is a sequencespecific RNA-binding protein that acts as a site recognition factor in plastid RNA editing.
In higher plants, RNA editing is a post-transcriptional process that converts C to U in organelle mRNAs. We have previously shown that an Arabidopsis thaliana crr4 mutant is defective with respect to RNA editing for creating the translational initial codon of the plastid ndhD gene (the ndhD-1 site). CRR4 contains 11 pentatricopeptide repeat motifs but does not contain any domains that are likely to be involved in the editing activity. The green fluorescent protein fused to the putative transit peptide of CRR4 targeted the plastid. The recombinant CRR4 expressed in Escherichia coli specifically bound to the 25 nucleotides of the upstream and the 10 nucleotides of the downstream sequences surrounding the editing site of ndhD-1. The target C nucleotide of this editing is not essential for the binding of CRR4. Taken together with the genetic evidence, we conclude that the pentatricopeptide repeat protein CRR4 is a sequencespecific RNA-binding protein that acts as a site recognition factor in plastid RNA editing.
RNA editing is a post-transcriptional process that alters the genetic information held at specific sites on an RNA molecule. It has been detected in a variety of organisms, including viruses, fungi, plants, and mammals (1, 2) . In plants, RNA editing is the process of altering a specific C nucleotide to U (and, less frequently, from U to C) in mitochondria and plastids (3) (4) (5) . The chloroplast genome of higher plants contains about 30 editing sites (6) . In contrast, RNA editing occurs more frequently in mitochondria; 427, 456, and 491 sites have been reported in rapeseed (Brassica napus), Arabidopsis (Arabidopsis thaliana), and rice (Oryza sativa), respectively (7) (8) (9) . Most RNA editing events occur in protein-coding regions and are necessary for expressing functional proteins (10 -12) .
How is the specific C nucleotide recognized for RNA editing? Both an in vivo editing system using tobacco plastid transformation (13) (14) (15) and the in vitro editing system (16, 17) have contributed to answering this question. Fewer than 30 nucleotides surrounding the editing site are sufficient for site recognition: these are termed cis-acting elements in plastids (13, 15, 18) . A similar story is true in mitochondria, implying that the two organelles use a related system for site recognition (19, 20) . Sequences surrounding editing sites exhibit no significant homology, suggesting that each cis-acting element is recognized by a site-specific trans-acting factor. This idea is supported by the fact that the cis-acting element derived from the transgene specifically competed with the corresponding endogenous cis-acting element (13) (14) (15) . Ultraviolet (UV) cross-linking experiments in the in vitro editing system also revealed that proteins with distinct molecular masses of 25, 56, and 70 kDa specifically bind to the cis-acting elements required for editing in psbL, psbE, and petB, respectively (16, 17) . These results suggest that the trans-acting factor would be a protein, although the involvement of an RNA factor cannot be ruled out completely. If each editing site is independently recognized by a trans-acting factor, the factor should be encoded by a gene forming an extraordinarily large family.
A gene responsible for the specific RNA editing event was discovered in the genetic study of photosynthetic electron transport. The Arabidopsis crr4 mutant is defective in the RNA editing of ndhD-1 site in the chloroplast (21) . The ndhD gene encodes a subunit of the chloroplast NAD(P)H dehydrogenase complex, which is involved in cyclic electron flow around photosystem I (22) . Positional cloning revealed that the CRR4 gene encodes a member of the pentatricopeptide repeat (PPR) 2 protein family (21) . The PPR protein family is extraordinarily large, especially in higher plants, containing ϳ450 and 480 members in Arabidopsis and rice, respectively (23) . Most of these members are predicted to localize to plastids or mitochondria (23) . These proteins are defined by the PPR motif, which is a highly degenerate unit, consisting of 35 amino acids, that usually appears as tandem repeats in a protein (24) . Mutations in PPR proteins lead to defects in the post-transcriptional processes of organelle mRNAs. Maize (Zea mays) CRP1 is required for the translation of petA and psaC and for the processing of petD (25, 26) , whereas Arabidopsis CRR2 is required for intergenic RNA processing between rps7 and ndhB (27) . Arabidopsis HCF152 is essential for splicing of petB and intergenic RNA cleavage between psbH and petB (28, 29) . Arabidopsis PGR3 is involved in the stabilization of petL RNA operons and might be also involved in the translation of petL and one of the ndh genes (30) . Members of the PPR protein family are also involved in the suppression of cytoplasmic male sterility (CMS) via RNA processing or editing of CMS-associated transcripts in petunia (Petunia hybrida) (31) , radish (Raphanus sativus) (32) , and rice (33, 34) . Our genetic results suggest that a PPR protein is a trans-acting factor that is essential for the recognition of the RNA editing site. To conclude this idea, it is essential to show that CRR4 interacts directly with the sequence surrounding the editing site of ndhD-1.
In the present study, we show that the recombinant CRR4 expressed in Escherichia coli specifically binds to the sequence surrounding the editing site of ndhD-1. Our data support a model of plastid RNA editing in which PPR protein acts as a trans-acting factor.
EXPERIMENTAL PROCEDURES
Plant Transformation-The nucleotide sequence encoding the transit peptide of CRR4 was amplified from the genomic DNA of A. thaliana (ecotype Columbia gl1) by PCR using primers 5Ј-TCTAGAATGGAGTGTTCGATTTCATC-3Ј and 5Ј-CTATAGCGCGAAATCGGCGAGATA-3Ј. The amplified DNA fragment was ligated to the sGFP (S65T) gene. The resultant chimeric gene was finally cloned into the pBIN19 vector and introduced into Columbia gl1 via Agrobacterium tumefaciens MP90.
Microscopy-The fluorescence of green fluorescent protein (GFP) was monitored using a BZ-8000 fluorescence microscope (Keyence, Osaka, Japan).
Plasmid Construction for Expressing CRR4 in E. coli-The CRR4 sequence corresponding to the putative mature protein was amplified by PCR using the primers 5Ј-GAATTCGCTTT-TGCCTCTTCTCGAC-3Ј and 5Ј-CGCCGGCGCAATGTA-CTGGAAACAACAATG-3Ј. The PCR product was ligated into the pGEX-6P-1 vector (GE Healthcare). The plasmid that encodes CRR4 fused with glutathione S-transferase (GST) at the N terminus was introduced into E. coli BL21(DE3).
Expression and Purification of the Recombinant CRR4 Protein-Cells cultured at 37°C in 2.5 liters of LB medium were cooled to 22°C. Thirty minutes after the temperature shift, expression of the recombinant protein was induced by the addition of 0.4 mM isopropyl-␤-D-thiogalactopyranoside at 22°C for 5-6 h. The cells were harvested and resuspended in buffer comprising 50 mM Tris-HCl (pH 7.5), 0.3 M NaCl, 7 mM ␤-mercaptoethanol, 5% glycerol, and 1 mM phenylmethylsulfonyl fluoride. The following steps were performed at 4°C. The cells were disrupted by sonication and centrifuged at 15,000 ϫ g for 30 min. The supernatant was loaded onto a GSTrap FF column (GE Healthcare) that had been equilibrated with buffer comprising 10 mM sodium-potassium phosphate buffer (pH 7.4), 140 mM NaCl, 2.7 mM KCl, and 4.0 mM ␤-mercaptoethanol. The recombinant CRR4 protein was eluted with the same buffer containing 10 mM reduced glutathione. The eluted proteins were pooled, and the buffer was exchanged (to 20 mM Hepes-KOH (pH 7.9), 60 mM KCl, 12.5 mM MgCl 2 , 0.1 mM EDTA, 17% glycerol, and 2 mM dithiothreitol) by gel filtration using a HiTrap desalting column (GE Healthcare) and finally concentrated using a centrifugal concentrator. The protein concentration was determined by the method of Bradford. Bovine serum albumin was used as the standard.
Preparation of RNA Probes-The Arabidopsis chloroplast DNA sequences were amplified by PCR with the primers 5Ј-C-AAGTACTCGTACTCAAAAAAG-3Ј and 5Ј-AATGAACCA-GCAGATATTGG-3Ј for RB1 and 5Ј-GTTATTTCTCCCGC-ATAGC-3Ј and 5Ј-TCGTATAGAAAGTCCATC-3Ј for RB2. The RB3 sequence was synthesized as a synthetic oligonucleotide. The DNA fragments were then used as templates for in vitro transcription using T7 RNA polymerase (Roche Applied Science). For this purpose, the T7 promoter sequence (ATG-TAATACGACTCACTATAGGG) was attached to the 5Ј-end of the forward primer. The 5Ј-ends of the synthesized RNAs were chemically labeled with fluorescein maleimide as described in the instruction manual for the 5Ј EndTag TM Nucleic Acid Labeling System (Vector Laboratories, Burlingame, CA). The 5Ј-end-labeled RNA probes were then purified through 6 -8% polyacrylamide gel containing 8 M urea. The competitor RNAs were also prepared by in vitro transcription using T7 RNA polymerase but not labeled with fluorescein maleimide. The purified competitor RNAs and yeast tRNAs were loaded onto a 6 -8% polyacrylamide gel containing 8 M urea, electrophoresed, and stained with ethidium bromide. The intactness and concentration of competitor RNAs were then verified by comparing them with a range of yeast tRNA concentrations.
Electrophoretic Mobility Shift Assay-A binding reaction was carried out by mixing the various amounts of recombinant CRR4 with the 5Ј-end labeled RNA probe (0.5 nM) in a total volume of 20 l of solution containing 5 mM Hepes-KOH (pH 7.9), 7 mM MgCl 2 , 2.5 mM dithiothreitol, 25 mM KCl, 4.3% glycerol, 0.25 mM EDTA, and 30 fmol of yeast tRNA. Nonlabeled competitor RNAs were preincubated with the protein for 5 min, and then the labeled RNA was added. The reaction mixture was incubated for 15 min at 25°C. The samples was then loaded onto a 6 -8% nondenaturing polyacrylamide gel (acrylamide:N,NЈ-methylene bisacrylamide at 29:1) and electrophoresed in TBE buffer (89 mM Tris, 89 mM boric acid, and 2 mM EDTA at 4°C). After electrophoresis, the RNA was transferred onto a nylon membrane. The signals from the labeled RNA were detected using a Gene Image CDP-Star detection kit (GE Healthcare). Signals from the labeled RNA were quantified using a LAS1000 chemiluminescence analyzer (Fuji Film, Tokyo). The K d value was determined from the concentration of protein at which 50% of the RNA probe bound.
RESULTS

Localization of GFP Fused with the Predicted Transit Peptide
Sequence of CRR4-Physiological characterization indicated that the crr4 defect is specific to the chloroplast NAD(P)H dehydrogenase complex (21) . If CRR4 were directly involved in the RNA editing of ndhD-1 in plastids, CRR4 would be imported to the plastids. The ChloroP 1.1 program predicts that the N-terminal 45 amino acids of CRR4 are a transit peptide to the plastids (Fig. 1A) . To confirm this prediction experimentally, we constructed transgenic plants that overexpress the N-terminal 59 amino acid residues of CRR4 fused to GFP under the control of cauliflower mosaic virus 35 S promoter. The GFP signal was detected exclusively in the plastids of transgenic plant cells (Fig. 1B) , indicating that CRR4 localizes in the plastids.
RNA Binding Analysis of the Recombinant CRR4 Protein-CRR4 localizes in the plastids where RNA editing of the ndhD-1 site takes place. This fact is consistent with our model in which CRR4 binds to the cis-acting element for ndhD-1 editing. To investigate this possibility, we attempted to express the recombinant CRR4 in E. coli. The 551-amino acid sequence of CRR4 without the transit peptide to plastids was cloned using several expression vectors. A small amount of CRR4 fused with GST was able to be expressed in soluble form in E. coli cultured at 22°C. The recombinant CRR4 was then purified from the soluble extracts to homogeneity using a GST-affinity column. Purified protein was detected on an SDS-polyacrylamide gel as a band at 90 kDa, close to the predicted molecular mass ( Fig.  2A) . Purified protein was also verified by immunoblotting using antibodies against the GST protein ( Fig. 2A) .
The recombinant CRR4 was used for the analysis of RNAbinding properties. The target RNA (RB1) includes the 94 nucleotides of upstream sequences and the first 57 nucleotides of downstream sequences surrounding the editing site of ndhD-1. It corresponds to the entire sequence of the psaCndhD intergenic region and the 57 nucleotides of the ndhD exon (Fig. 2B) . The RB1 RNA includes an inverted repeat sequence in which are located the 5Ј-end of mature ndhD RNA and the 3Ј-end of mature psaC RNA (Fig. 2B ). This indicates that the 5Ј-end of RB1 RNA is more upstream than that of the mature monocistronic ndhD mRNA. The probe RNA was labeled by fluorescein maleimide and incubated with the purified recombinant CRR4. The CRR4-RNA complex was detected as a shift band that migrated more slowly than free RNA in the gel. As shown in Fig. 2C (lanes 1-6) , the retarded band was detected upon increasing the amounts of the recombinant CRR4. The presence of about 3-10-fold the amount of CRR4 to the RB1 probe was required for retardation. To eliminate the possibility that GST binds to the RB1 probe, the same RNA probe was incubated with GST lacking the CRR4 sequence. Even 100-fold the amount of GST to the RB1 probe did not induce any shift band (Fig. 2C, lanes 7-9) , indicating that the RNA binding activity crucially depends on CRR4.
To analyze whether the RNA binding activity of CRR4 is specific to the sequence of the RB1 probe, the ability of different competitor RNAs to reduce binding of labeled RB1 probe to CRR4 was compared. We used nonlabeled RB1 and RB2 probes as competitor RNAs. The RB2 probe includes the 201 nucleotides of the coding region of ndhD, which is unlikely to contain the cis-acting element for the RNA editing of ndhD-1 (Fig. 2B) . To demonstrate the sequence specificity of CRR4, it is essential that the competitor RNAs used in this assay were accurately quantified. We therefore verified that two competitor RNAs (cold RB1 and cold RB2) were intact and that their concentrations were accurately quantified by comparing them with a range of yeast tRNA concentrations (Fig. 2D) . The addition of 100-fold the amount of nonlabeled RB2 probe had no effect on CRR4-RB1 binding (Fig. 2E, left panel) . In contrast, the addition of 10-fold the amount of nonlabeled RB1 probe resulted in the disappearance of the retarded band (Fig. 2E, right panel) . These results indicate that CRR4 specifically binds to the 151 nucleotides surrounding the editing site of ndhD-1.
CRR4 Is a Trans-acting Factor Required for RNA Editing of ndhD-1-Both in vivo and in vitro analyses of cis-acting elements indicated that fewer than 20 nucleotides of the upstream sequence and, in some cases, fewer than 10 nucleotides of the downstream sequence surrounding the editing site are enough for site recognition for RNA editing (13, 15, 17) . The putative trans-acting factor specifically binds to this cis-acting element. If CRR4 really is a trans-acting factor, the short sequence surrounding the editing site of ndhD-1 might be enough to recruit CRR4. To study this possibility, RNA binding activity was determined using an RB3 probe that includes the 25 upstream nucleotides and the 10 nucleotides in the downstream sequence surrounding the ndhD-1 editing site (Fig. 3A) . As shown in Fig. 3B (lanes 1-6) , the retarded band was detected with increasing amounts of the recombinant CRR4. The presence of about 3-10-fold the amount of CRR4 to the RB3 probe was required for retardation, the same as when using the RB1 probe (Fig. 2C) . It was also verified that this binding does not depend on GST (Fig. 3B, lanes 7-9) . The addition of 3-10-fold the amount of nonlabeled RB3 probe resulted in the disappearance of the retarded band (Fig. 3C, left panel) . However, the addition of excess amounts of nonlabeled RB2 probe had no effect (Fig. 3C, right panel) , indicating that CRR4 binds to the putative cis-acting element of ndhD-1 site in a sequence-specific manner. Taken together with the genetic evidence indicating that CRR4 is required for the RNA editing of ndhD-1, we conclude that a PPR protein, CRR4, is a trans-acting factor required for the RNA editing of ndhD-1.
The C residue of ndhD-1 Is Not Essential for CRR4 Binding-A UV cross-linking experiment using the in vitro editing system revealed that a single factor binds both to the cis-acting element and the RNA editing site (35) . If the C nucleotide of ndhD-1 also contributes to CRR4 binding, its editing from C to U may influence the binding of CRR4. We next investigated the possibility that CRR4 preferably binds to the pre-edited RNA rather than the post-edited RNA, which carries U at the editing site. In this analysis, the RB3 probe was modified to carry U at the editing site of ndhD-1, so that the sequence corresponds to that of post-edited RNA. As shown in Fig. 4A , the post-edited RB3 probe also interacted with CRR4, indicating that the C nucleotide in the ndhD-1 site is not essential for CRR4 binding. However, the binding affinity was slightly lower when using the post-edited RNA rather than the pre-edited RNA (compare Fig.  3B, lane 3 with Fig. 4A, lane 3) . To further estimate the relative binding affinity for the pre-edited and post-edited RNA, a constant low concentration of labeled RNA probe was incubated with a range of protein concentrations. The K d value is the concentration of protein at which 50% of the RNA probe bound, and was 1.6 and 3.0 nM, for pre-and post-edited RNA, respectively (Fig. 4, B and C) . These results indicate that the recombinant CRR4 binds to the pre-edited RNA with a slightly higher affinity than to the post-edited RNA. CRR4 binding to the post-edited RNA was also exposed to competition with the nonlabeled pre-and post-edited RNA (Fig. 4D) . The result similarly indicated that the pre-edited RNA has slightly higher activity for recruiting CRR4 than the post-edited RNA (compare Fig. 4D, left panel, lanes 5 and 6, with Fig. 4D, right panel,  lanes 5 and 6) . Although the C nucleotide of the editing site is not essential for CRR4 binding, CRR4 slightly favors the preedited RNA over the post-edited RNA for binding at least at the in vitro assay level.
DISCUSSION
C-to-U RNA editing in plant organelles requires a cis-acting element for site recognition. The putative trans-acting factor binds to this cis-acting element to directly deaminate the target C or to recruit the second trans-acting factor, an unidentified RNA-editing enzyme. However, the molecular identity of the trans-acting factor has up to now been unclear. The breakthrough was the identification of an Arabidopsis crr4 mutant that is specifically impaired with respect to RNA editing of ndhD-1. The CRR4 gene encodes a member of the PPR protein family (21) . PPR proteins are believed to be involved in the RNA maturation processes in organelles and to form a large family, especially in higher plants (5, 23) . The 466 genes encoding PPR proteins are roughly sufficient to maintain all of the RNA editing events in Arabidopsis. Although the model in which a PPR protein acts as a trans-acting factor was plausible, we could not eliminate the possibility that CRR4 is involved in RNA maturation processes other than RNA editing and that the function of CRR4 is indirectly involved in RNA editing. In this study, we showed that GFP fused with the transit peptide of CRR4 targets to the plastid (Fig. 1B) , and CRR4 specifically binds to the 25 nucleotides of the upstream and the 10 nucleotides of the downstream sequences surrounding the editing site of ndhD-1 (Fig. 3) . Furthermore, we have shown that the four alleles of crr4 are specifically defective with respect to RNA editing of the ndhD-1 site (21). We conclude that CRR4 is a trans-acting factor required for the RNA editing of ndhD-1 and propose a model in which a PPR protein acts as a site recognition factor for RNA editing in the plastid (Fig. 5) .
The 36 nucleotides, including the ndhD-1 site, are sufficient to recruit CRR4 (Fig. 3) . The intergenic region between psaC and ndhD includes an inverted repeat, which possibly forms a stem-loop structure, and a potential Shine-Dalgarno-like sequence (Fig. 2B) . The former is probably involved in intergenic RNA cleavage, whereas the latter may be involved in ribosome binding. However, these sequences are not required for CRR4 binding, because the 36 nucleotides lack these sequences. This result is consistent with the fact that the intergenic RNA cleavage between psaC and ndhD is not affected in crr4 (21) , indicating that recognition of 36 nucleotide sequence by CRR4 is not related to RNA processing. On the other hand, some RNA editing is coupled with RNA processing or translation (34, 36, 37) . In some cases, translation might play the role of unwinding an RNA secondary structure to facilitate access of the editing machinery.
The UV cross-linking experiments using in vitro editing system revealed that both labels in the target C site and the cisacting element covalently bind to an unidentified 56-kDa protein in the psbE editing site (35) . In addition, no additional protein was specifically cross-linked with the editing site, implying that the 56-kDa protein itself might carry out the site recognition and the cytidine deamination (35) . Thus, these results favor a single-subunit model of RNA editing machinery. Consistent with this result, we also showed that the C nucleotide in the ndhD-1 site is somewhat involved in CRR4 binding (Fig. 4, B and C) , although the binding affinity of recombinant CRR4 for pre-edited RB3 probe was only slightly higher than for the post-edited RB3 probe (Fig. 4, B and C) . The competition experiment using the pre-edited and the post-edited RNA also showed that the contribution of the target C nucleotide to CRR4 binding was rather minor (Fig. 4D ). This observation is consistent with in vivo studies indicating that the cis-acting element of ndhF carrying U at the editing site derived from a transgene leads to reduction of editing efficiency in endogenous ndhF transcripts (18) . This result indicates that the C nucleotide at the editing site is not a critical recognition feature for the trans-acting factor. We are not sure whether the slight preference of the pre-edited RNA to the post-edited RNA for the CRR4 binding in vitro has a physiological significance in vivo.
CRR4 belongs to the PLS subfamily (E subclass) in the PPR protein family according to its motif structure (23) . CRR4 consists of 11 PPR motifs, an E motif, and an unknown 15-amino acid motif (Fig. 1A) . Biochemical analyses of HCF152 have suggested that the PPR motif acts as an RNA-binding motif (29) . Several PPR proteins are capable of binding to nucleic acids (23, 38) . CRR4 also interacts with the RNA sequence surrounding the editing site of ndhD-1 (Fig. 3) , implying that the PPR motifs have a role in RNA recognition. The sequence of the E motif is also related to the PPR motifs (Fig. 1A) . However, the sequence of the PPR motifs in the E motif diverges to some degree from the N-terminal PPR motifs (39) . The C-terminal unknown 15-amino acid motif is also related to the E and Eϩ motif and is well conserved in some PPR proteins, including CRR4. The C-terminal region of CRR4 may have a function that is distinct from PPR motifs in the N-terminal region. Another member of the PLS subfamily, CRR2, is involved in the intergenic RNA cleavage between rps7 and ndhB (27) . CRR2 is a member of the DYW subclass and has all of the motifs present in CRR4, although the 15-amino acid motif is not conserved. It is unlikely that CRR4 includes any possible domain responsible for cytidine deamination. It is therefore necessary to hypothesize another factor responsible for the deamination of the C nucleotide. We propose a two-component model of RNA editing machinery in plastids, which consists of a trans-acting factor of PPR protein and an unidentified RNA-editing enzyme (Fig. 5) . This process of RNA editing in plastids appears to be similar to the C-to-U editing in apolipoprotein B mRNA seen in mammals (40) , although the molecules involved in the editing are dissimilar.
